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Abstract Rab GTPases play a fundamental role in the
regulation of membrane traffic. Three different Rab5 isoforms
have been reported but no differences in their function in
endocytosis have been discovered. As the Rab5 isoforms show a
conserved consensus site for Ser/Thr phosphorylation, we
investigated whether this site was phosphorylated. Here, we
report that the three Rab5 proteins are differentially recognized
by different kinases. Rab5a is efficiently phosphorylated by
extracellular-regulated kinase 1 but not by extracellular-
regulated kinase 2, while cdc2 kinase preferentially phospho-
rylates Ser-123 of Rab5b. These findings strongly suggest that
phosphorylation could be important to differentially regulate the
function of the Rab5 isoforms.
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1. Introduction
Rab proteins regulate membrane tra⁄c in the endocytic and
biosynthetic pathway [1,2]. Among them, Rab5 is localized to
the early endosomal compartment and has been implicated in
the regulation of the plasma membrane to early endosomes
transport [3,4]. A common feature of the Rab family of small
GTPases is the existence of subgroups of structurally related
isoforms sharing high a sequence identity (85^95%) [5]. The
Rab5 subgroup comprises three isoforms (Rab5a, Rab5b and
Rab5c) that are localized to the plasma membrane and early
endosomes and are ubiquitously expressed [6,7]. These pro-
teins are essential for in vitro homotypic fusion of early endo-
somes and in vivo regulation of endocytosis. Overexpression
of wild-type or mutant proteins impaired in their ability to
hydrolyze GTP causes an increase of the internalization rate
of endocytosis, while expression of dominant negative mu-
tants, impaired in their ability to bind GTP, inhibits the ki-
netics of endocytosis [6]. Interestingly, three highly related
Rab5 proteins have been isolated in yeast and have been
named Ypt51p, Ypt52p, Ypt53p [8]. These proteins share be-
tween 52 and 54% identity with Rab5a and seem to have
di¡erent but overlapping functions in the endocytic pathway,
suggesting a similarity with the situation in mammalian cells
[8,9]. It is not yet clear whether the conserved isoforms in the
Rab protein family have distinct roles and are responsible for
a more ¢ne regulation of membrane tra⁄c or if they are just
redundant. Up to now, no di¡erences in the way the three
Rab5 proteins control the early steps of endocytosis in mam-
malian cells have been found [6].
The progressive activation of several cyclin-dependent kin-
ases (CDKs) tightly regulates the progression through the
eukaryotic cell cycle. Passage through the di¡erent phases
greatly a¡ects the intracellular membrane tra⁄cking and
cdc2 has been suggested to directly regulate some of these
processes by phosphorylating Rab1 and Rab4 proteins, dur-
ing mitosis [10,11].
Both activation of Ras and of one of its downstream e¡ec-
tors, phosphatidylinositol 3-kinase, stimulate endocytosis
[12,13]. Increasing evidences point to Rab proteins (and
more speci¢cally to Rab5) as possible mediators of at least
some of these e¡ects [14]. Conversely, several reports indicate
that direct phosphorylation of Rab proteins may regulate
their activity and/or cellular localization. Rab3b, Rab6 and
Rab8 are phosphorylated upon thrombin stimulation of plate-
lets [15] and Rab8 itself, in its active form, may interact with
a stress-activated GC kinase [16]. Interestingly, upon phos-
phorylation, Rab1 and Rab4 changed their distribution be-
coming mostly cytosolic [10]. Rab4 is also phosphorylated
by the insulin-activated extracellular signal-regulated kinase
(ERK) ERK1, suggesting that the insulin-induced movement
of Rab4 from the Glut-4-containing vesicles to the cytosol
could result from phosphorylation of Rab4 by ERK [17].
Altogether, these data suggest that a network of kinases
may be involved in the regulation of endocytosis, eventually
phosphorylating Rab proteins and modifying their activity
and/or subcellular localization.
Rab5a, Rab5b and Rab5c have one conserved phosphoryl-
ation consensus motif in position 123 that may be recognized
by a proline-directed Ser/Thr kinase. In this paper, we show
that these proteins can be phosphorylated in vitro by speci¢c
kinases. Furthermore, our data indicate that the three Rab
isoforms can be di¡erentially phosphorylated by these kinases,
suggesting that phosphorylation could speci¢cally modulate
the function of the di¡erent Rab5 isoforms in vivo.
2. Materials and methods
2.1. Plasmid construction
The previously described cDNAs for Rab5a, Rab5b and Rab5c
[6,18] were cloned in pET-16b as NdeI-BamHI (Rab5a and Rab5b)
and NdeI-HindIII (Rab5c) fragments. The point mutant Rab5bS123Q
was created by site-directed mutagenesis using the two oligonucleo-
tides 5P-GCTAGGCTGGGCTTGCCGCTGCAGTTCC-3P and 5P-
AGCCCAGCCTAGCATTGTTATTGCCT-3P. The PCR product
was gel-puri¢ed and cloned into the pET-16b-rab5b as an NdeI frag-
ment. Cloning and puri¢cation of GST-c-jun79 substrate have been
previously described [19].
2.2. Quanti¢cation of Rab5a, Rab5b and Rab5c
Rab5a, Rab5b and Rab5c protein were puri¢ed from Escherichia
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coli containing the PET-16b expression plasmid as described [20].
Con£uent HeLa cells were lysed in Laemmli bu¡er and loaded on a
12% SDS-PAGE. Proteins were then transferred on a nitrocellulose
¢lter, the ¢lter was then incubated with monoclonal anti-Rab5, poly-
clonal anti-Rab5b or anti-Rab5c antibody, followed by a HRP-con-
jugated anti-mouse or anti-rabbit antibody. Bands were then detected
by chemiluminescence (ECL, Amersham). Quanti¢cation was per-
formed with a phosphorimager using recombinant Rab5a, Rab5b
and Rab5c as standards.
2.3. Western blot and GTP overlay
Cells were transfected for 48 h with pCDNA3 plasmids encoding
Rab5b wild-type, Rab5bQ79L, Rab5bS123Q and Rab5bN133I. Cells
were then lysed in standard SDS sample bu¡er and extracts were
electrophoresed on 12% SDS-PAGE. For immunoblotting, separated
proteins were transferred to a nitrocellulose membrane. The ¢lter was
then blocked with 5% milk in PBS for 40 min at room temperature.
Then, primary mouse monoclonal 9E10 anti-myc antibody was added
at the appropriate dilution and incubated for 2 h at room temper-
ature. The ¢lters were washed, incubated with a secondary anti-mouse
HRP-conjugated antibody for 1 h at room temperature and the bands
were visualized using the enhanced chemiluminescence system (ECL,
Amersham). For GTP overlay, after electrophoresis, the gel was
treated, transferred to a nitrocellulose ¢lter and incubated with [K-
32P]GTP as described.
2.4. cdc2 kinase phosphorylation assay
Con£uent plates of HeLa cells were synchronized in the interphase
by treatment with 2 mM thymidine for 16 h and in mitosis by a 16 h
treatment with 1 mM nocodazole. Interphasic cells were collected by
scraping in cold PBS and mitotic cells by pipetting. Cells were then
lysed at 4‡C in a bu¡er containing 50 mM Tris pH 7.4, 250 mM
NaCl, 0.1% Triton X-100, 5 mM EDTA, 50 mM sodium £uoride,
0.1 mM vanadate, 0.1 mM PMSF. Cleared lysates were immunopre-
cipitated for 6 h at 4‡C with 2 Wg of p34cdc2-speci¢c antibody (Gib-
co). Immunocomplexes were recovered with the aid of protein A-
Sepharose. Beads were washed three times with PBS containing 1%
Nonidet P-40 and 2 mM vanadate, once with 100 mM Tris, pH 7.5,
0.5 M LiCl and once in kinase reaction bu¡er (25 mM HEPES, pH
7.6, 20 mM MgCl2, 20 mM L-glycerophosphate, 0.1 mM sodium
vanadate and 2 mM DTT). Samples were resuspended in 30 Wl reac-
tion bu¡er containing 1 WCi Q-ATP, 130 WM unlabelled ATP, 3 mM
of DTT and 2 Wg of di¡erent puri¢ed substrates. After 15 min at
30‡C, reactions were terminated by the addition of 10 Wl 5ULaemmli
bu¡er. Samples were heated at 95‡C for 5 min and analyzed by 12%
SDS-PAGE.
2.5. ERK1 and ERK2 phosphorylation assay
L6 cells, stably expressing insulin receptors, were starved for 16 h in
DMEM containing 0.5% BSA. Cells were eventually stimulated for
6 min with 1 WM insulin and then lysed at 4‡C in 10 mM Tris pH 8.0,
150 mM NaCl, 1% Nonidet P-40, 0.4 mM EDTA, 10 mM NaF, 2 mM
vanadate, 0.1 mg/ml PMSF. Cleared lysates were then rocked for 2 h
at 4‡C in the presence of 500 ng K-ERK1- or K-ERK2-speci¢c anti-
bodies (Santa Cruz). Immunocomplexes were recovered with the aid
of protein A-Sepharose. Beads were then washed three times with PBS
containing 1% Nonidet P-40 and 2 mM vanadate, once with 100 mM
Tris, pH 7.5, 0.5 M LiCl and once in kinase reaction bu¡er (20 mM
HEPES pH 7.5, 10 mM MgAc, 0.1 mg/ml PMSF, 2 mM vanadate,
100 WM ATP).
Samples were resuspended in 30 Wl reaction bu¡er containing 1 WCi
Q-ATP, 50 WM unlabelled ATP, 3 mM DTT and 8 Wg of di¡erent
puri¢ed substrates. After 30 min at 30‡C, reactions were terminated
by adding 10 Wl of 5ULaemmli bu¡er. Samples were then heated at
95‡C for 5 min and analyzed by 12% SDS-PAGE. In some experi-
ments, COS1 cells were used and were transfected by electroporation
with 10 Wg of pCDNA3-MEK or pCDNA3-MEKEE (the activated
form of MEK1) [21] before the starvation of 16 h in DMEM contain-
ing 0.5% BSA.
2.6. HA-ERK2 and HA-JNK1 phosphorylation assay
Kinase assays on cells transfected with the epitope-tagged ERK2 or
JNK1 were performed as follows. Subcon£uent COS1 cells were
transfected with 3 Wg pCDNA3-HA-ERK2 or pCDNA3-HA-JNK1
and with 3 Wg of pCDNA3-EGFR by electroporation. After 24 h, the
medium was changed and the cells were then cultured overnight in
serum-free medium. Cells were eventually stimulated with insulin for
6 min or with EGF for 15 min and processed as above. The epitope-
tagged ERK2 or JNK1 were immunoprecipitated from the cleared
lysates by incubation with the speci¢c antibody 12CA5 (Boehringer
Mannheim) for 1 h at 4‡C. Beads were then washed three times with
PBS containing 1% Nonidet P-40 and 2 mM vanadate, once with
100 mM Tris, pH 7.5, 0.5 M LiCl and once in kinase reaction bu¡er
(20 mM HEPES pH 7.5, 10 mM MgAc, 0.1 mg/ml PMSF, 2 mM
vanadate, 100 WM ATP for ERK2 or 25 mM HEPES, pH 7.6, 20 mM
MgCl2, 20 mM L-glycerophosphate, 0.1 mM sodium vanadate and
2 mM DTT for JNK1).
Samples were resuspended in 30 Wl of reaction bu¡er containing
1 WCi Q-ATP, 50 WM unlabelled ATP, 3 mM DTT and 2 Wg of di¡er-
ent puri¢ed substrates. After 15 min at 30‡C, reactions were termi-
nated by adding 10 Wl 5ULaemmli bu¡er. Samples were then heated
at 95‡C for 5 min and analyzed by 12% SDS-PAGE.
3. Results and discussion
The proper timing and coordination of cell cycle events is
ensured, in higher eukaryotes, by a family of closely related
enzymes, namely CDKs [22]. The activity of these Ser/Thr
protein kinases are, in turn, tightly regulated by several mech-
anisms, such as binding of regulatory subunits and phospho-
rylation (or dephosphorylation) of conserved threonine and
tyrosine residues [23,24]. The transition from the G2 to M
phase is controlled by Cdc2 (CDK1), in association with A-
and B-type cyclins. Through the phosphorylation of di¡erent
substrates, Cdc2 is responsible for many of the cellular events
that take place in mitotic cells, chromosome condensation,
disassembly of the nuclear lamina, formation of the mitotic
spindle and Golgi fragmentation [22,25,26]. Noteworthy, cdc2
kinase is also responsible for Rab1 and Rab4 phosphorylation
during mitosis [10,11]. We thereby decided to investigate
whether the three Rab5 isoforms were also recognized and
phosphorylated by this kinase. We immunoprecipitated inac-
tive or active p34cdc2 kinase from HeLa cells in the inter-
phase (I) or mitosis (M), respectively. We then tested their
ability to phosphorylate puri¢ed His-Rab5a, His-Rab5b,
His-Rab5c proteins and histone H1. Histone H1 is a speci¢c
substrate for p34cdc2 and was used as a positive control. As
expected, no phosphorylating activity was detected in inter-
phase cell extracts while histone H1 was strongly phosphoryl-
ated in extracts derived from mitotic cells (Fig. 1). His-Rab5b
was also e⁄ciently phosphorylated by cdc2 kinase in mitotic
cells but not (as expected) in interphase cells (Fig. 1). A weak
band corresponding to the His-Rab5a protein was visible in-
dicating that Rab5a was phosphorylated by cdc2 kinase
Fig. 1. Rab5 phosphorylation in vitro by the p34cdc2 kinase.
p34cdc2-speci¢c antibody (Gibco) was used to immunoprecipitate
cdc2 kinase from quiescent and mitotic cells. Immunocomplexes
were recovered with the aid of protein A-Sepharose as described in
Section 2 and incubated with 2 Wg of the di¡erent puri¢ed isoforms.
After 15 min at 30‡C, reactions were terminated by the addition of
10 Wl 5ULaemmli bu¡er, heated at 95‡C for 5 min and analyzed by
12% SDS-PAGE. I = interphase, M = mitosis, H1 = histone H1.
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although to a lesser extent when compared to Rab5b. When
Rab5c was used as a substrate, a faster migrating band was
detected (Fig. 1). Western blot analysis indicated that this
band was not recognized by anti-Rab5c antibodies and that
Rab5c had the same migration rate as Rab5a and Rab5b
(data not shown). These data thereby show that cdc2 kinase
can speci¢cally discriminate between the di¡erent Rab5 iso-
forms, suggesting a mechanism in vivo by which Rab5b,
among the three Rab5 isoforms, may selectively mediate the
e¡ect of the cell cycle on the early endocytic processes. This is
of particular interest considering the widespread presence of
the three Rab5 isoforms in cellular types investigated up to
date (unpublished data).
To establish whether the three proteins were all expressed at
the same time, also in the system used, HeLa cells, and
whether there were considerable di¡erences in their concen-
tration, we decided to quantify the amount of Rab5a, Rab5b
and Rab5c protein in these cells using recombinant Rab5
proteins as standards (data not shown). The concentration
of Rab5a protein was previously found to be V0.07 pg/cell
in MDCKI cells [27]. In HeLa cells, we have found that the
concentration was about the same (V0.08 pg/cell). The con-
centration of Rab5b and Rab5c was about 0.1 pg/cell and 0.04
pg/cell, respectively (data not shown). These data show that
the concentration of the three Rab5 isoforms in HeLa cells is
very similar, Rab5b being the most abundant one.
To identify the precise amino acid phosphorylated, we then
mutated the Ser in the consensus phosphorylation motif that
we have identi¢ed in the Rab5b protein. Using PCR-mediated
site-directed mutagenesis, we substituted the Ser in position
123 with a glutamine, creating the Rab5bS123Q mutated
cDNA. The mutated cDNA was cloned in pCDNA3 for the
expression in mammalian cells and into PET-16b for the ex-
pression and puri¢cation in bacteria. We checked if the mu-
tated protein was able to bind GTP to test if the mutant
protein was still functional. Total cell extracts from cells ex-
pressing Rab5b wild-type, Rab5bQ79L, Rab5bS123Q and
Rab5bN133I were run on SDS-PAGE. As shown in Fig. 2,
a GTP-binding blot (A) and Western blot (B) analysis were
performed. The four proteins were expressed at comparable
levels in HeLa cells (Fig. 2B). Moreover, Rab5b wild-type,
Rab5bQ79L and Rab5bS123Q bind GTP while the dominant
negative mutant Rab5bN133I did not. This shows that the
Rab5bS123Q protein is able to bind GTP e⁄ciently, thereby
demonstrating that the mutation does not a¡ect the structure
of the protein. We then repeated the cdc2 kinase assay using
histone H1, Rab5b wild-type and Rab5bS123Q. As shown in
Fig. 3, phosphorylation of the Rab5b protein was completely
abolished by the mutation demonstrating that the Ser in posi-
tion 123 is the phosphorylation site recognized by the cdc2
kinase.
Most of the responses of a cell to extracellular stimuli result
from the sequential activation of signal transduction cascades,
usually consisting of kinase modules that include a MAPK, a
MAPK kinase (MEK) and a MEK kinase (MEKK) [28]. The
best characterized MAPK cascades culminate with the activa-
tion of the extracellular-regulated kinases 1 and 2 (ERKs) and
of the c-Jun N-terminal kinases. These, in turn, phosphorylate
several speci¢c substrates controlling very di¡erent cellular
functions such as proliferation, di¡erentiation, apoptosis and
cellular metabolism [28^30]. The molecular switch that starts
these kinase cascades is usually a small GTP-binding protein,
Ras for MEK1 and MEK2 and Rac/Cdc42 for JNK-1 [29].
Due to the complexity of each single transduction pathway
and to the number of new small GTP-binding proteins and
kinases cloned, there is now a great interest in the study of the
Fig. 2. Western blot and GTP-binding blot of Rab5b wild-type and
mutant proteins. Cells were transfected with plasmids encoding the
di¡erent proteins. The lysates were then run on SDS-PAGE and
subjected to GTP-binding (A) or Western blot (B) analysis as de-
scribed in Section 2. NT = non-transfected.
Fig. 3. Identi¢cation of the Rab5b phosphorylation site. Immuno-
precipitated cdc2 kinase was obtained and incubated with the di¡er-
ent substrates as described in Section 2. The reactions were then an-
alyzed by 12% SDS-PAGE. I = interphase, M = mitosis, H1 = histone
H1.
Fig. 4. Phosphorylation in vitro by ERK1. ERK1 was immunopre-
cipitated from unstimulated cells or from cells stimulated for 6 min
with insulin as described in Section 2. In some samples, the cells
were previously transfected with a plasmid encoding MEK or MEK
EE. The immunoprecipitated kinases were then used to test their
ability to phosphorylate Rab5a, Rab5b and Rab5c in vitro as de-
scribed in Section 2.
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integration of the transduced signals, both at the level of the
small GTPases and at the level of the kinases and substrates.
MAPKs and CDKs, even if controlled by very di¡erent mech-
anisms, share an important common feature: a substrate spe-
ci¢city markedly dependent on the presence of a proline res-
idue immediately following the site of Ser/Thr
phosphorylation, being usually classi¢ed in a unique family
as ’proline-directed Ser/Thr kinases’. It is thereby possible
that these enzymes may share common substrates, that, in
turn, may participate to the control of intracellular events,
such as the vesicular tra⁄c, whose tight regulation needs to
be ensured in situations so di¡erent as extracellular stimula-
tion or progression through the di¡erent phases of the cell
cycle. We then tested the ability of MAP kinase to phospho-
rylate the three Rab5 isoforms. In particular, we checked
whether immunoprecipitated active ERK1 or ERK2 were
able to phosphorylate the three Rab5 isoforms. As a control
for both the ERK1 and ERK2 kinase assay, myelin basic
protein (MBP) was used as it is a speci¢c substrate for these
kinases. MBP was highly phosphorylated by both kinases as
expected and phosphorylation was strongly increased after
insulin stimuli (data not shown). No phosphorylation on
Rab5 proteins was detected in our conditions when the
ERK2 kinase was immunoprecipitated from insulin-stimu-
lated HeLa, COS1 and L6 cells or when epitope-tagged HA-
ERK2 was transfected and then immunoprecipitated (data
not shown). Conversely, Rab5a was e⁄ciently phosphorylated
by immunoprecipitated ERK1 after insulin stimulation. In
Fig. 4, quantitative data are plotted from experiments per-
formed on L6 cells with and without 6 min of insulin stim-
ulation using immunoprecipitated ERK1. The phosphoryla-
tion of Rab5a was increased about four times upon insulin
induction. Moreover, transfection of a plasmid containing
MEK EE (the activated form of MEK1) increased about
two times the Rab5a phosphorylation by MEK1, therefore
con¢rming the speci¢city of the phosphorylation reaction. A
weak phosphorylation of Rab5c by ERK1 was detected and
insulin stimulation increased it about four times. However, no
phosphorylated band was detected in the case of Rab5b. This
result is of particular interest since only the Rab5a protein is
e⁄ciently recognized by ERK1, thereby again strongly sug-
gesting that the function of the three Rab5 isoforms could be
di¡erentially regulated by phosphorylation. Moreover, the
fact that no phosphorylation was detected when using the
ERK2 kinase (even if we transfected the epitope-tagged con-
struct) indicates that ERK1 and ERK2 may have a di¡erent
substrate speci¢city.
We decided to test if jun kinases were also able to phos-
phorylate any of the three Rab5 isoform. c-jun79 is a natural
substrate for JNK1 substrate and its phosphorylation is in-
duced upon stimulation by EGF as shown in Fig. 5. However,
when we used EGF stimulation and His-Rab5a, His-Rab5b
and His-Rab5c as substrates, no phosphorylation was de-
tected (Fig. 5).
Rab5a, Rab5b and Rab5c are three isoforms sharing more
than 80% sequence identity. The three proteins regulate the
initial steps of endocytosis, being able to change the kinetics
of uptake of di¡erent endocytic markers [6]. The presence of
isoforms that derive from di¡erent genes is a common feature
of the Rab protein family. It is still under debate whether
these isoforms represent just a safety mechanism of the cell
to ensure, for instance, the Rab5 function in the presence of
lethal mutations in one of the genes or if their existence could
be important to perform speci¢c functions through di¡erential
regulation. Our data indicate that the three Rab5 isoforms
have a common phosphorylation site for Ser/Thr kinases
that is di¡erentially recognized in vitro by speci¢c kinases.
Indeed, ERK1 e⁄ciently phosphorylated the Rab5a protein
after insulin stimulation but was not able to phosphorylate
Rab5b, while p34cdc2 kinase preferentially phosphorylated
Rab5b. Conversely, no phosphorylation was detected by Jun
kinases.
In conclusion, our data, together with previously published
evidence that other Rab proteins are phosphorylated, strongly
indicate that phosphorylation plays a fundamental role in
controlling the Rab function. In particular, our data suggest
that the three Rab5 isoforms are di¡erentially regulated in
response to di¡erent stimuli and that phosphorylation could
be responsible for a ¢ne regulation of endocytosis in vivo.
More work will be required to establish how phosphorylation
of the three Rab5 isoforms in£uences their function in the
endocytic pathway.
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